A new type of a reactor column, a crushed BaSO4 reactor column used for the flow injection spectrophotometric determination of sulfate using the exchange reaction of sulfate and barium-dimethylsulfonazo III is proposed. The column is very simple and economical. It can be continuously used for 8 h before washing with water for reuse of at least 1 month. The procedure is sensitive. Application to various water samples was demonstrated.
Flow Injection Spectrophotometry Coupled with a Crushed Barium Sulfate
Reactor Column for the Determination of Sulfate Ion in Water Samples ( 
Introduction
Sulfate ion, one of the major components in natural waters, often associates in monitoring natural waters. The determination of sulfate ion is also of interest with respect to the problems of acid rain and water pollution. Several methods have been reported so far for the determination of sulfate ion; for examples, ion chromatography [1] [2] , flow injection analysis (FIA) [3] [4] [5] [6] [7] [8] and sequential injection analysis (SIA) [9] [10] [11] . Conventional methods for the determination of sulfate ion in water samples are commonly based on formation of a barium sulfate suspension [12] and an anion exchange/spectrophotometry with either barium chromate [13] [14] or barium chloranilate [14] as a solid reagent. A reaction unit was introduced into a flow injection method to accelerate the efficiency of the solid-liquid reaction [16] . However, the sensitivity was less enough for ppm levels of sulfate.
Recently, some reactor columns promoting the efficiency of the solid-liquid reaction have been developed. Ueno et al. proposed an on-line reactor column packed with spherical beads of regenerated cellulose mixing with barium chloranilate particles for the flow injection determination of sulfate [17] . Sakuragawa et al. proposed an on-line reactor column packed with solid barium chromate [18] : sulfate ion at the concentration range of 0.5 to 5 mg/l in water samples was determined. The detection limit, however, was about 0.5 mg/l, which was not sensitive enough for trace analyses.
Toei and his colleagues reported the sensitive determination method for sulfate ion by FIA using the barium chelate of sulfonazo III and dimethylsulfonazo III (DMS III) [19] . In this system, high sensitivity was achieved. Later, the detection limit, as low as 0.2 mg/l, was improved by Toei and his colleagues by using the barium-DMS III chelate (Ba-DMS III) method which required the carrier solution being saturation with BaSO 4 [20] . However, the addition of Various kinds of on-line reactor columns have been proposed for improving the efficiency of the exchange reaction. They include a polytetrafluoroethylene (PTFE) tubing without packing material, a glass column packed with glass beads or with BaSO 4 -immobilized glass beads [21] . By using the BaSO 4 -immobilized column, the sensitivity was enhanced and the reproducibility was greatly improved. However, the procedure is rather complicate and time consuming.
In this work, a very simple reactor column, packed with crushed BaSO 4 , for determination of sulfate ion was developed. The detection method was similar to the previous reports [12, 21, 22] based on the exchange reaction between sulfate ion and Ba-DMS III resulting in decreasing in absorbance (662 nm). The proposed reactor column was found to be economical and very effective for improving the limit of detection.
Experimental

Chemicals and reagents
All of the reagents used in this work were of an analytical reagent grade. Water purified with a Milli-Q system (Elix 3/ Milli-Q Element, Nihon Millipore) was used throughout the experiments. A stock solution (1000 mg/l) of sulfate ion was prepared by dissolving 1.815 g of potassium sulfate in water and diluting to the mark of a 1000 ml volumetric flask with water.
Working standards were freshly prepared by appropriate dilution of the stock solution. The stock reagent solution was prepared similar to that of Yang et al. [21, 22] as follows: 4.5 ml of a 10 -2 mol/l DMS III solution (DMS III: Tokyo Kasei, TCI-Ace grade; Tokyo), 5 ml of a 1 mol/l potassium nitrate, 3.2 ml of a 10 -2 mol/l barium chloride solution, 5 ml of a 0.1 mol/l chloroacetate buffer (pH 2.9) and 800 ml of ethanol were transferred into a 1 l volumetric flask and mixed, and the solution was diluted to the mark with water. Before use, the reagent solution was filtered through a 0.45 μm membrane filter.
The crushed BaSO 4 reactor column was prepared by packing crushed BaSO 4 (particle size: about 90 μm) into a glass column (2 mm i.d. x 15 cm). 
Flow injection system
Results and discussion
Investigation on the FI system using the crushed BaSO 4 reactor column was made by injection the sulfate standard solutions into the FI system, shown in Fig.1 , without CEC. By using the stock reagent solution as described above (and in the ref. to interfere with the determination of sulfate ion when it gives a relative error of more than 5%.
The results indicate that the presence of most common ions did not interfere with the determination of sulfate ion in river water samples. However, calcium ion interferes severely with the determination of sulfate ion. Usually, in natural waters, relatively large amounts of metal ions, such as alkali and alkaline earth metal ions, are present, and some of them can interfere with the determination of sulfate ion, because the metal ions can react with DMS III to form chelates. Therefore, Nakashima et al [20] installed a cation exchange (Hydrogen (H)-type, 8-15 cm length) column just after a sample injection valve: for 10 mg/l sulfate ion, 20 mg/l of Ca 2+ , 30 mg/l of Mg 2+ and NH 4+ , 50 mg/l of Na + , 80 mg/l of K + and 100 mg/l of commonly existing anions did not interfere with the determination. However, some of natural waters like river and lake waters contain Ca 2+ and Mg 2+ ions of larger amounts than those examined by Nakashima et al. In the present work, two kinds of cation exchanger column (CEC) were examined; one is the H-type, the other the Na-type CEC. It is found clearly that larger amounts of Ca 2+ , Mg 2+ and other metal ions did not interfere with the determination when the Na-type CEC was used. By using the system with Na-type CEC, the better suppressive effect was obtained for calcium ion. For the determinations of sulfate ion in real samples, Na-type CEC was installed.
Application of the proposed FI system with crushed BaSO 4 column to the tap, river and mineral drinking water samples was demonstrated. The results are summarized in Table 2 .
Good recoveries indicate that the proposed method is not affected by the various ions existing in such water samples.
Conclusion
A new type of reactor column, a crushed BaSO 4 column, which is very simple used in a FI spectrophotometric system for the determination of sulfate ion is proposed. The detection based on the exchange reaction of sulfate and Ba-DMS III. The column can be used continuously for 8 h before cleaning with water and can be reused for at least one month. This is very economical. The system also provide good sensitivity (with detection limit of 0.03 mg/l). 
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